c-Ret encodes a receptor tyrosine kinase that is essential for normal development of the kidney as well as enteric and sympathetic neurons. Since sympathetic neurons and neuroendocrine chromaffin cells originate from a common progenitor cell, we have examined the relevance of c-Ret for the development of adrenal chromaffin cells by analyzing mouse mutants lacking c-Ret. Adrenal chromaffin cells express c-Ret mRNA at embryonic day (E) 12.5 and 13.5, yet levels of expression decline at later embryonic and postnatal ages. Adrenal medullae of c-Ret deficient mice show normal numbers of tyrosine hydroxylase (TH)-immunoreactive cells at E13.5 and at birth. Ultrastructurally, adrenal chromaffin cells of c-Ret 2/2 mice appear unaltered: chromaffin cells develop typical secretory chromaffin granules, the morphological hallmark of chromaffin cells, and synaptic terminals appear normal. However, adrenaline levels and numbers of chromaffin cells immunoreactive for the adrenaline synthesizing enzyme phenylethanolamine-N-methyltransferase (PNMT) are reduced by about 30% in cRet-deficient mice arguing for a direct or indirect role of c-Ret in the regulation of PNMT. Thus, despite expression of c-Ret, adrenal chromaffin cells develop largely normal in mice lacking c-Ret. We therefore conclude that sympathetic neurons and neuroendocrine chromaffin cells profoundly differ in their requirement for c-Ret signaling during development. q
Introduction
The receptor tyrosine kinase c-Ret is an important component in the signaling cascade activated by members of the glial cell line-derived neurotrophic factor (GDNF) family (Durbec et al., 1996; Trupp et al., 1996) . GDNF and its congeners neurturin, persephin, and artemin constitute a group of structurally and functionally related polypeptides within the TGF-b superfamily (Saarma, 2000) . They are involved in the control of neuron survival and differentiation, kidney morphogenesis, and spermatogonial cell fate (Henderson et al., 1994 , Buj-Bello et al., 1995 , Pichel et al., 1996 , Meng et al., 2000 . c-Ret is expressed in the nephric excretory system as well as in the developing and adult nervous system including motoneurons, a subpopulation of dorsal root ganglionic neurons, enteric and sympathetic neurons (Pachnis et al., 1993) . Mice deficient for c-Ret die shortly after birth. They show kidney agenesis and lack an enteric nervous system (Schuchardt et al., 1994) . Originally, it has been reported that the sympathetic nervous system in c-Ret deficient mice develops largely normal, with the exception of the superior cervical ganglion, which was reported to be missing (Schuchardt et al., 1994) . However, a recent re-investigation has shown that neuronal precursors throughout the entire sympathetic nervous system fail to migrate and project axons properly (Enomoto et al., 2001) . These primary deficits lead to mis-routing of sympathetic nerve trunks and accelerated cell death of sympathetic neurons later in development, resulting in sympathic ganglia of abnormal size and location.
Sympathetic neurons are derivatives of the neural crest (NC) and share a common sympathoadrenal (SA) progenitor cell with adrenal chromaffin cells (Anderson, 1993; Unsicker, 1993) . SA progenitor cells first aggregate at the dorsal aorta and subsequently migrate either in a dorsolateral direction to form sympathetic ganglia, or ventrally to colonize the adrenal gland, where they lose neuronal traits and differentiate into neuroendocrine chromaffin cells (Le Douarin and Kalcheim, 1999) . SA progenitors express cRet, when they aggregate at the dorsal aorta (Pachnis et al., 1993) , and c-Ret is continued to be expressed in sympathetic ganglia (Pachnis et al., 1993) .
In order to identify a putative function of c-Ret for developing adrenal chromaffin cells, we analyzed the expression of c-Ret in the adrenal medulla during embryonic development and examined the adrenal glands of c-Ret deficient mice. We find that c-Ret, though it is expressed in the embryonic adrenal gland, is apparently not essential for migration and survival of adrenal chromaffin cells. This clearly distinguishes chromaffin cells from the closely related sympathetic neurons.
Results

c-Ret is expressed in the adrenal gland during development
SA progenitor cells express c-Ret when they aggregate at the dorsal aorta to form the sympathetic primordia (Pachnis et al., 1993) . Later these precursors remigrate to their final environment i.e. secondary sympathetic ganglia or the adrenal gland. In sympathetic ganglia c-Ret is continued to be expressed at least until E16.5 (Fig. 1C) . Similarly, SA cells populating the adrenal gland at E12.5 and E13.5 also express c-Ret (Fig. 1A, B) . Expression in the adrenal gland declines subsequently and is hardly detectable at E16.5 (Fig.  1 C) and at birth (not shown).
The number of TH positive cells is unaltered in c-Ret deficient mice
In order to examine whether the migration of chromaffin cells to the adrenal gland is altered in c-Ret deficient mice, we evaluated the numbers of TH-positive cells in the adrenal glands of c-Ret knockout mice and their wildtype littermates at E13.5 ( Fig. 2) . As demonstrated in Fig. 2B and E, numbers of TH þ cells in the adrenal gland of E13.5 mice were not affected by the c-Ret mutation. At P0 we still observed normal numbers of TH þ cells in the adrenals of c-Ret 2/2 mice. These data suggest that migration, proliferation and survival of adrenal chromaffin progenitor cells is independent of c-Ret.
Adrenal ultrastructure of c-Ret knockout mice appears normal
Chromaffin cells possess typical ultrastructural features, most notably large chromaffin granules (Coupland, 1972; Coupland and Tomlinson, 1989 ) that distinguish them from sympathetic neurons (Eränkö, 1972) . Fig. 3A shows typical chromaffin cells with numerous large secretory granules (core diameter . 100 nm) in adrenal glands from P0 wildtype mice.
Appearantly, loss of c-Ret did not affect the ultrastructure of chromaffin cells (Fig. 3B ). Chromaffin cells of c-Ret deficient mice did not shown signs of enhanced apoptosis as compared to wildtype mice; synaptic nerve terminals appeared normal in terms of ultrastructure and numbers.
Adrenaline but not noradrenaline levels are reduced in c-Ret
2/2 mice Using HPLC and electrochemical detection, we analyzed adrenal glands from newborn wildtype and c-Ret 2/2 mice for catecholamine content. As shown in Fig. 4 adrenaline levels in c-Ret deficient mice were reduced by 27% compared to wildtype littermates. This is consistent with a 30% reduction in the number of PNMT-immunoreactive cells (Fig. 5 ) whose distribution within the medulla was not different from that seen in wildtype littermates.
Discussion
Mice homozygous for a targeted mutation of the c-Ret locus die soon after birth and display severe kidney displasia (Schuchardt et al., 1994) , intestinal aganglionosis (Schuchardt et al., 1994) , and malformations of the entire sympathetic nervous system (Enomoto et al., 2001) . Adrenal chromaffin cells are closely related to sympathetic neurons and share a common sympathodadrenal (SA) progenitor with them (Anderson et al., 1991; Anderson, 1993; Unsicker, 1993) . Here we show that chromaffin cells develop largely normal in the absence of c-Ret, despite their close ontogenetic relationship to sympathetic neurons.
Migrating neural crest cells aggregate at the dorsal aorta, where they get instructive signals that promote their differentiation into SA progenitors. In response to BMP-4 the cells start to express transcription factors like MASH-1, Phox2A and Phox2B (Reissmann et al., 1996; Shah et al., 1996; Schneider et al., 1999) . The expression of c-Ret has been shown to be dependent on Phox2B and occurs immediately after the formation of the primary sympathetic ganglia along the dorsal aorta (Pattyn et al., 1999) . In c-Ret deficient mice the development of primary sympathetic anlagen is not impaired, and neural crest cells differentiate normally into SA progenitor cells (Enomoto et al., 2001 ). However, the subsequent migration of SA cells to the sites of secondary sympathetic ganglia is severely impaired. In contrast, the migration of SA progenitors to the adrenal gland appears to be normal in the absence of c-Ret, as numbers of adrenal TH-positive cells do not differ in wildtype and c-Ret deficient mice at E13.5 and P0.
Little is known about the molecular cues that guide sympathoadrenal cells to their final locations, e.g. the sympathetic ganglia and the adrenal gland. Sympathetic neuron precursors are believed to migrate along blood vessels. Enomoto et al. (2001) suggested that artemin is a blood vessel derived factor that is essential for developing sympathetic neurons and that activation of c-Ret by artemin is necessary for the migration and axonal outgrowth of sympathetic neurons. Data of the present study suggest that cues other than c-Ret are necessary to guide migrating SA progenitors to the adrenal gland, since the full set of SA cells arrives in the developing adrenal in the absence of cRet.
Beyond a failure in migration of sympathetic neuron progenitors, the differentiation of sympathetic neurons is delayed and axonal outgrowth is impaired in c-Ret deficient mice (Enomoto et al., 2001) . Sympathetic ganglia of E16.5 c-Ret deficient mice contain many neuroblast-like cells (Enomoto et al., 2001) . SA progenitors that invade the adrenal gland are believed to resemble sympathetic neuron precursors initially, but subsequently lose neuronal traits in response to their new environment and develop chromaffin characteristics (Anderson and Axel, 1986) . As a part of their differentiation programme adrenal SA progenitors downregulate neuronal markers like neurofilament and SCG10 (Langley and Grant, 1999) . We have previously shown that in MASH-1 deficient mice most adrenal medullary cells are arrested in a neuroblast-like stage and fail to undergo chromaffin differentiation (Huber et al., 2002) . These cells maintain neuronal characteristics and show continuous cRet expression throughout embryonic development. This supports the hypothesis that downregulation of c-Ret may also be an important part of chromaffin cell differentiation. Data from the present study suggest that chromaffin cell differentiation from SA progenitors, in contrast to sympathetic neuron differentiation, is largely unaffected by the c-Ret Nevertheless, minor deficits in the development of the adrenal gland were apparent in the absence of c-Ret and related to adrenergic differentiation. Adrenaline levels in cRet deficient adrenal glands were reduced by 27% compared to wildtype littermates, and number of PNMT-expressing cells were equally reduced. Expression of the adrenaline synthesizing enzyme PNMT has been shown to be initiated by glucocorticoids which are provided by adrenal cortical cells (Wurtman and Axelrod, 1965, Seidl and Unsicker, 1989) . The regulation of PNMT expression is very complex. Hormonal as well as neural stimuli have been shown to contribute . Transcriptional regulators include the glucocorticoid-receptor, Egr-1 and AP-2. (Kelner and Pollard, 1985; Ebert et al., 1994 Ebert et al., , 1998 . The loss of PNMT expression and adrenaline in c-Ret deficient mice may therefore be due to direct or indirect mechanisms. With regard to putative indirect mechanisms, it should be noted that preganglionic sympathetic neurons that innervate chromaffin cells express c-Ret and can be rescued after adrenomedullectomy by application of GDNF (Schober et al., 1999) . Moreover, it has been demonstrated that chromaffin cells synthesize and release GDNF (Krieglstein et al., 1996) . This suggests that c-Ret and GDNF may be necessary for development and maintenance of preganglionic sympathetic neurons innervating the adrenal medulla. Consequently, deficits in the preganglionic innervation may account for the loss of PNMT in c-Ret deficient mice. Differences in the preganglionic innervation and synaptic terminals of adrenaline-and noradrenaline-synthesizing chromaffin cells, as e.g. differences in size, shape, and length of synaptic thickenings, have long been known (Gryszpan-Winograd, 1969 ). Such differences might account for the selective loss of PNMT in c-Ret mutants.
In conclusion, the data of the present paper suggest that migration, differentiation, and survival of chromaffin progenitor cells does not crucially depend on c-Ret. This clearly distinguishes them from the closely related sympathetic neurons.
Experimental procedures
Experimental animals
Wildtype and c-Ret 2/2 mice were obtained from intercrosses of c-Ret þ/2 mice (Schuchardt et al., 1994) . The embryos were staged considering midday of the day of the vaginal plug as embryonic day 0.5. Genotyping was carried out by PCR analysis as described previously (Schuchardt et al., 1996) .
Histology
Pregnant mice were killed by CO 2 asphyxation. Embryos were recovered, washed with phosphate-buffer (PB, pH 7.4), and then fixed in PB containing 4% paraformaldehyde (PFA) for 12 h. Newborn mice were transcardially perfused with 4% PFA, adrenal glands were then removed, and postfixed for 12 h. Following fixation, tissues were rinsed three times with phosphate buffer and then placed in PB containing 30% sucrose for cryoprotection. Following overnight immersion in sucrose the tissue was coated with OCTe compound (Tissue Tek), frozen on dry-ice and stored at 2 708C until further processing. Adrenal glands were cut into serial 10 mm sections, mounted on Superfroste slides and air dried for 30 min, before performing in situ hybridization or immunofluorescence staining.
Immunofluorescence staining
Antibodies and immunoreagents were obtained from the following sources (dilution and required references in brackets): polyclonal sheep anti-tyrosine hydroxylase (TH, 1:200; Chemicon International, Temecula, CA); polyclonal rabbit anti-phenylethanolamine-N-methyl-transferase (PNMT, 1:2000, Incstar, Stillwater, OK); normal goat serum, normal rabbit serum and biotinylated goat antirabbit antibody were obtained from Vector Laboratories;
Cy3
e -conjugated-anti-sheep antibody, Cy3 e -conjugatedanti-sheep antibody, Cy2 e -conjugated anti rabbit antibody, and Cy2 e -conjugated streptavidin were obtained from Dianova, Hamburg, Germany.
For immunfluorescence-staining, sections were pretreated with 10% serum corresponding to the secondary antibody, in PBS and 0.1% Triton X-100, followed by overnight incubation with primary antibody at 48C. Then sections were rinsed in PBS and incubated with a Cy3e-or Cy2e-conjugated secondary antibody, respectively (1:200) for 2 h at room temperature. Sections were then rinsed in PBS and mounted with Fluorescent Mounting Medium (Dako).
In situ hybridization
Non-radioactive in situ hybridization on cryosections and preparation of digoxigenin-labeled probes for mouse cRet (Pachnis et al., 1993) were carried out using a modification of the protocol of D. Henrique (IRFDBU, Oxford, UK) as previously described (Ernsberger et al., 1997) .
Electronmicroscopy
For electronmicroscopy adrenal glands from newborn mice were fixed by immersion in a mixture of glutaraldehyde (1.5%) and paraformaldehyde (1.5%) in phosphate buffer at pH 7.3 for 48 h and rinsed several times with cacodylate buffer (0.1 M). Organs were then postfixed in 1% OsO 4 /1.5% potassium hexacyanoferrate, rinsed in 0.1 M cacodylate buffer and 0.2 M sodium maleate buffer (pH 6.0) and block-stained with 1% uranyl acetate. Following dehydration through increasing concentrations of ethanol the tissue was Epon-embedded. Ultrathin sections (50 nm) were examined with a Zeiss EM10.
Determination of catecholamine content
Newborn mice were killed rapidly by decapitation and adrenal glands were quickly removed. Catecholamines were quantified by HPLC as described by Müller and Unsicker (1981) . Statistical significance was determined by Student's t-test.
